Transcriptional regulation is a tightly regulated, vital process. The transcription factor cyclic AMP-response element-binding protein 1 (CREB1) controls ϳ25% of the mammalian transcriptome by binding the CREB1 binding site consensus sequence (CRE) sequence (TGACGTCA). DNA lesions within CRE modulate CREB1 binding negatively and positively. Because appropriate DNA lesions also interact with base excision repair proteins, we investigated whether CREB1 and repair glycosylases compete with each other. We incubated 39-mer CRE-containing double-stranded oligonucleotides with recombinant CREB1 alone or with UNG2 or OGG1, followed by EMSA. The CpG islet within CRE was modified to contain a G/U or 8-oxoG ( o G)/C mispair. OGG1 and CREB1 reversibly competed for CRE containing an o G/C pair. Also, OGG1 blocked CREB1 from dimerizing by 69%, even when total CREB1 binding was reduced only by 20 -30%. In contrast, bound CREB1 completely prevented access to G/U-containing CRE by UNG2 and, therefore, to base excision repair, whereas UNG2 exposure prevented CREB1 binding. CREB1 dimerization was unaffected by UNG2 when CREB1 bound to CRE, but was greatly reduced by prior UNG2 exposure. To explore physiological relevance, we microinjected zebrafish embryos with the same oligonucleotides, as a sink for endogenous CREB1. As predicted, microinjection with unmodified or lesion-containing CRE, but not scrambled CRE or scrambled CRE with a G/U mispair, resulted in increased embryo death. However, only the G/U mispair in native CRE resulted in substantial developmental abnormalities, thus confirming the danger of unrepaired G/U mispairs in promoters. In summary, CREB1 and DNA glycosylases compete for damaged CRE in vitro and in vivo, thus blocking DNA repair and resulting in transcriptional misregulation leading to abnormal development. . 2 The abbreviations used are: BER, base excision repair; CREB1, cyclic AMPresponse element-binding protein 1; CRE, CREB1 binding site consensus sequence; ds, double-stranded; NF-B, nuclear factor light chain enhancer of activated B
The study of DNA damage is usually focused on mutation and cellular misregulation that lead to aberrant development or cancer. However, oxidative damage is ongoing, and selective DNA oxidation is associated with transcription activation, such as estrogen-dependent and c-MYC-dependent transcriptional initiation (1, 2) . Less well known is that DNA damage, specifically substrates and intermediates in the base excision repair (BER) 2 pathway, can modulate transcription factor (TF) binding itself (3) . The relative lack of nucleosomes in promoter regions ensures that these regions are especially prone to ongoing oxidative damage or accumulation of uracil/guanine or thymidine/guanine pairing resulting from demethylation immediately after fertilization.
Cyclic AMP-response element-binding protein (CREB1) is a critical TF that regulates ϳ25% of the eukaryotic genome (4, 5) . CREB1 binds to the palindromic cAMP-responsive element (CRE) site TGACGTCA or the half-CRE site CGTCA and acts as a required pleiotropic effector (6) . CREB1 is also self-regulating with 13 CRE sites in its own promoter. It is responsible for initial development of the nervous system, memory formation, and neuronal protection (7, 8) . Misregulation of CREB1 is implicated in a range of congenital and acquired central nervous system disorders, including Alzheimer disease and Parkinson disease (9) . Methylation of the central CpG in the consensus sequence prevents binding of CREB1 and consequently prevents transcription of CREB1-dependent genes (10) . Transcription activation of the central methylated CpG requires demethylation that involves AID/APOBEC or TET enzymes followed by DNA repair via the BER pathway (11, 12) . Indeed, uracil DNA glycosylase 2 (UNG2) is so important in early zebrafish embryogenesis that knockdown is embryonic lethal, whereas overexpression is sufficient to reduce global DNA methylation (13) .
Oxidative stress, an imbalance between the production and biological detoxification of reactive oxygen species (ROS), has also been linked with several CNS diseases, including Alzheimer disease and Parkinson disease (14) . Although a variety of external sources can contribute to ROS levels, endogenous ROS are produced continuously as a byproduct of oxidative phosphorylation (15) . Although ROS damage all cellular components, oxidatively damaged DNA must be repaired quickly or genomic instability results (14) . Small, non-bulky DNA lesions such as those produced by ROS are recognized and repaired by the BER pathway (reviewed in Ref. 16) . Several neurodegenerative diseases display increased levels of oxidative DNA damage, coupled with reduced DNA repair capability (17) . Furthermore, many neurological disorders, including neurodegeneration, are associated with inherited defects of DNA repair pathways including BER (18) . In a prior publication, we showed that specific DNA lesions within the CRE site that are repaired by BER can both positively and negatively modulate CREB1 recognition and binding to CRE, depending upon the specific site and type of damage (3) . We therefore proposed that oxidative damage or repair intermediates in BER might modulate TF efficacy, a proposal consistent with that of others (14) . In this study, we use both in vitro and in vivo methods to investigate whether and how BER enzymes and CREB1 compete for access to CRE site substrates containing DNA lesions typically repaired by BER. We show that CREB1 can block access of DNA glycosylases to DNA lesions and, in turn, DNA glycosylases can interfere with or prevent access of CREB1 to CRE. These results are relevant to studies of developmental biology, neurodegeneration, and aging.
Experimental Procedures
Oligonucleotides-39-mer double-stranded (ds) oligonucleotides (see Table 1 ) containing an unmodified or modified CRE site were sourced either from Midland Certified Reagent Co., Inc. (Midland, TX) or from Integrated DNA Technologies (Coralville, IA). Either upper or lower strands were labeled at the 5Ј end with [␥-32 P]ATP (PerkinElmer) by polynucleotide kinase (New England Biolabs, Ipswich, MA) as described previously (19, 20) and stored at Ϫ20°C until use.
Source of Proteins-Purified recombinant human CREB1 protein was the gift of Dr. Jennifer Nyborg (Colorado State University, Fort Collins, CO), and purified recombinant UNG2 and 8-oxoguanine DNA glycosylase (OGG1) were the gifts of Dr. Nicole Noren Hooten (National Institute of Aging, Baltimore, MD). Purified recombinant mutant UNG2 (His-UNG2-D154N) was the gift of Dr. Bodil Kavli (Norwegian University of Science and Technology, Trondheim, Norway). AP endonuclease 1 (APEX1) was purified as described previously (19) .
EMSA Assays-Competition EMSAs were modified from those described previously (3, 21) . Briefly, 8.5 nM purified CREB1 protein was incubated with varying concentrations of purified UNG2 (0 -64 nM) or OGG1 (0 -64 nM) protein in a reaction buffer with 5 ng of poly(dA-dT), 0.25 g/l BSA, and 0.5 nM 32 P end-labeled ds oligonucleotide probe, in a final volume of 20 l. All incubations were carried out at 4°C for 90 min, with variations in the order of addition of protein and oligonucleotide. In the first series, CREB1 and a DNA glycosylase were mixed together for 30 min followed by the addition of the appropriate oligonucleotide for 60 min. In the second series, CREB1 was allowed to bind with the appropriate oligonucleotide for 30 min after which the glycosylase was added for an additional 60 min. In the third series, the glycosylase was allowed to bind to the appropriate oligonucleotide for 30 min, after which time CREB1 was added for an additional 60 min. Fig. 1 is a representative EMSA showing resolution of CREB monomer and dimer as well as binding of OGG1 in the absence of CREB1. All experiments were performed independently a minimum of three times. To demonstrate specificity, o G-containing substrates were incubated with UNG2 and CREB1 and G/U-containing substrates were incubated with OGG1 and CREB1. No displacement of CREB1 was observed. Samples without tracking dye were resolved on pre-electrophoresed, native 5% (49:1 acrylamide:bisacrylamide) gels in buffer composed of 40 mM Tris-HCl (pH 8.5), 306 mM Tris-glycine, and 0.1% Nonidet P-40. Electrophoresis was performed at room temperature at 90 V for 2.5 h.
Analysis-Distribution of isotope was visualized on a Phos-phorImager screen with a GE Storm TM PhosphorImager TM (GE Healthcare, Little Chalfont, UK); data were quantified with GE Healthcare ImageQuant (19) . CREB1 binding was determined by Reaction 1. In these representative gel images, UNG2 and CREB1, or OGG1 and CREB1, were mixed together followed by the addition of the labeled oligonucleotide (oligo) and incubated for 90 min at 4°C prior to EMSA analysis. Note detectable OGG1 binding to the°G-containing oligonucleotide. Apparent reduction in unbound substrate at low concentrations of OGG1 is due to direct binding by the repair glycosylase. On the other hand, binding of UNG2 to U-containing CRE site is not sufficiently stable to detect in the absence of CREB1. Typical gels were obtained when UNG2 was added to substrate containing a G/U mispair (left) or when OGG1 was added to substrate containing a°G/C pair (right) in the CpG site of CRE.
Cleavage Activity in the Presence and Absence of CREB1-Purified recombinant CREB1 (8.5 nM) was added to UNG2 (85 nM) or OGG1 (85 nM) in reaction buffer with 5 ng of poly(dA-dT) and 0.25 g/l BSA. The 32 P end-labeled ds oligonucleotide probe (see Table 1 ) was added, and the reaction was incubated on ice for 1 h in a final volume of 20 l. DNA was isolated by phenol:chloroform extraction as described previously (19) and resuspended in 5 l of buffer containing 50 mM HEPES and 0.1 mM EDTA. Purified APEX1 protein (10 nM) was added to 2 l of resuspended DNA samples in a final reaction volume of 5 l and incubated for 30 min at room temperature. The cleavage assay was stopped by the addition of formamide loading buffer (80% formamide, 2% 0.5 M EDTA, and 10% xylene cyanol/bromphenol blue). Cleavage products were resolved by denaturing gel electrophoresis as described previously (19) .
Zebrafish Culture and Decoy CRE site Oligonucleotide Microinjections-Wild-type zebrafish (Danio rerio), purchased from Aquatica BioTech (Sun City Center, FL), were maintained and bred using standard protocols in accordance with approved Northeastern University Institutional Animal Care and Use Committee (IACUC) policies as described previously (22) . Embryos were microinjected directly into the yolk prior to the 4-cell stage with 2 nl of 39-mer (0.18 nM) ds oligonucleotide substrate (see Table 1 ) in Danieau buffer. Phenol red (0.05%) was used as an injection indicator (23) . Phenol red (0.05%) in Danieau buffer served as the control. Injected embryos were maintained at 29°C until reaching desired developmental stages and fixed in 4% paraformaldehyde (24) . Embryos were examined and photographed using a Leica MZ16FA stereomicroscope (Leica, Wetzlar, Germany).
Statistical Analyses-Data in Figs. 2 and 3 were analyzed by mixed model analyses of covariance using SPSS 19.0 (IBM, Armonk, NY). Prior to analysis, data were transformed using a natural logarithmic transformation to obviate heteroscedasticity. Homogeneity of variance was verified by Levene's test. Tukey's post hoc analysis was conducted on the factor in the absence of a significant interaction between factor and covariate. When a significant interaction was present between the factor and covariate, simple linear regression was performed.
Data in Figs. 4 -7 were analyzed by one-way analysis of variance using SPSS 19.0. Before analysis was conducted, a Shapiro-Wilk's test for normality and a Levene's test for equal variance were conducted. When a significant difference was detected in any analysis, Tukey's post hoc analysis was performed to identify significantly different means. Significance for all statistical tests was set a priori at 0.05.
Results
Lesion-specific DNA Glycosylases Compete with CREB1-CRE has a CpG islet that, when oxidized or when containing a G/U mispair, either negatively or positively alters binding of CREB1, depending on the lesion (3). These lesions are repaired by BER. Because glycosylases are the primary entry point to the BER pathway, we asked here whether and how the two major glycosylases, OGG1 and UNG2, might affect CREB1 access to a CRE site that contains o G or U in the CpG islet portion of the CRE site, respectively. We also asked whether CREB1 might block access to these same glycosylases.
When the CRE site contained an°G lesion within the CpG position, total CREB1 binding to the CRE site was reduced by a maximum of 34% Ϯ 9% (S.E., n ϭ 3) in the presence of an 8-fold excess of OGG1 (Fig. 2 , A-C). The decrease in CREB1 binding depended on the OGG1 concentration and the order in which OGG1 was exposed to the substrate. The ability of OGG1 to displace previously bound CREB1 was somewhat less efficient than its ability to prevent CREB1 from binding (p ϭ 0.035, n ϭ 3) (Fig. 2, A and B) . Therefore, the presence of this glycosylase and the order of exposure to CRE had a small but substantial effect on total binding. When the CRE site contained a U residue in the CpG islet, overall binding of CREB1 in the presence of UNG2 was reduced to a far greater extent by a maximum of 60% Ϯ 2% (S.E., n ϭ 3) ( Fig. 2, D-F) . However, the decrease depended strongly on the order in which the proteins were added. Bound CREB1 completely blocked access to UNG2 regardless of the presence of 8-fold excess of UNG2 ( Fig. 2E ). In contrast, total CREB1 binding was extremely sensitive to prior exposure of the CRE site to UNG2 (60% Ϯ 2% inhibition decreases relative to control (S.E., n ϭ 3)) ( Fig. 2D ) and somewhat sensitive to the simultaneous addition of UNG2 and CREB1 (23% Ϯ 6% inhibition relative to control (S.E., n ϭ 3)) ( Fig. 2F ). In short, unlike the case with o G/C, the order of addition made a substantial difference to total binding of CREB1 when the CRE site contained a G/U mispair in the CpG islet of CRE.
Dimerization of CREB1 on Its CRE Site Is Strongly Impacted by Lesion-specific DNA Glycosylases-CREB1 is transcriptionally active only as a dimer, which forms on the CREB⅐DNA monomer complex (25) . The ability of CREB1 to dimerize on a CRE site substrate containing an o G lesion was heavily influenced by the presence of OGG1 regardless of the order of addition ( Fig. 3 , A-C). Thus, the presence of OGG1 prevented the addition of a second molecule of CREB1 to the o G-containing CRE site and displaced previously bound CREB1. We presume that the second CREB1 molecule was unable to bind efficiently because OGG1 binds its substrate in a flipped-out configuration that distorts the CRE site and is slow to dissociate (26) . In fact, we could detect bound OGG1 on our gels, indicating that OGG1 remained associated with the substrate and physically blocked the second molecule of CREB1 from forming a dimer (Fig. 1) . Consequently, the presence of the repair glycosylase was likely to prevent CREB1 from forming the dimer necessary to recruit TFs required to activate RNA polymerase II.
The presence of UNG2 also negatively affected the ability of CREB1 to form a dimer on a G/U mispair-containing CRE site substrate. However, the competition kinetics were very different from those involving OGG1. The reduction depended on the order that the proteins were exposed to the substrate (Fig. 3,  D-F) . The effect was more selective and more severe than that on an°G-containing substrate. When UNG2 had first or equal exposure to the substrate relative to CREB1, the ability of CREB1 to form a dimer was markedly reduced up to 77% (Fig. 3,  D and F) . In contrast, if the CRE-containing substrate was allowed to bind CREB1 first, the ability of CREB1 to form a dimer was not altered relative to control regardless of an 8-fold excess of UNG2 (Fig. 3E) . In other words, UNG2 interfered with the recruitment of a second molecule of CREB1 to the G/U-containing CRE site, but if CREB1 had already formed a dimer, then UNG2 could not displace the TF from the U-containing CRE site.
Catalytically inactive UNG2 at any concentration had no effect on the ability of CREB1 to bind to a G/U mispair-containing CRE site, whether measured as the total amount of CREB1 bound or CREB1 dimer formation ( Fig. 4) . Therefore, unlike exposure to OGG1 where we were unable to detect glycosylase activity, the reduction in CREB1 binding and dimerization to a CRE site containing a G/U mispair was due to excision of U through the catalytic action of UNG2 and not the physical presence of the enzyme blocking access. This result is consistent with the known rapid turnover of UNG2 (27) .
CREB1 Impedes UNG2 from Excising a U Residue Present within a CRE site-We then asked whether CREB1 binding interfered with UNG2 enzymatic activity. Incubation of UNG2 alone with the oligomer containing the G/U mispair at the CRE site resulted in loss of 61% Ϯ 5% (S.E., n ϭ 3) of the U residues ( Fig. 5) . When CREB1 and UNG2 were co-incubated with this same substrate, the ability of UNG2 to remove U was reduced to 30% Ϯ 3% (S.E., n ϭ 3). Thus, when CREB1 binds to a CRE site containing a G/U mispair, it diminishes the ability of UNG2 to remove the U residue, which is the first step in BER. Furthermore, these data indicate that the presence of the U residue stabilized CREB1 binding because if CREB1 were constantly associating with and dissociating from the CRE site, then there would be renewed opportunity for UNG2 with its rapid turnover (27) to remove the U residue. Therefore, these data are consistent with prior results indicating that the presence of U in the CpG site of CRE stabilizes CREB1 binding to CRE (3).°G and U in CREB1 CRE Affect Early Development-To establish the physiological relevance of the in vitro results, we explored whether the presence of DNA lesions repaired by BER in CRE affects normal embryonic development. For normal development to proceed, embryos need to activate select genes at the correct time and location. Because ϳ25% of the vertebrate genome depends on functional CREB1, we hypothesized that exposure of developing zebrafish to a modified CRE site would result in abnormalities, depending on the affinity of CREB1 for the lesion. To that end, we microinjected the same oligonucleotides used in our in vitro studies (Table 1) into 2-4cell-stage zebrafish embryos and harvested them at 24 hpf. Embryos at this stage contain ample OGG1 and UNG2 (19) and increasing amounts of CREB1 (23) . Because CREB1 binds more strongly to a U-containing CRE site than to an unmodified CRE site (3), we predicted that the developing embryo would be sensitive to microinjection of an oligonucleotide containing a CRE site, but would be particularly sensitive to one containing a G/U mispair within the CpG of the CRE site. As expected, survival of zebrafish embryos to 24 hpf was reduced after microinjection of CRE site-containing oligonucleotides with or without BER-repairable modifications (Fig. 6 ). To explore whether the MARCH 11, 2016 • VOLUME 291 • NUMBER 11 JOURNAL OF BIOLOGICAL CHEMISTRY 5455 decreased survival of microinjected embryos was due to the presence of a modified or an unmodified CRE site, and not simply oligonucleotide toxicity, we also microinjected embryos with an oligonucleotide in which the CRE site sequence or the CRE site containing a uracil was scrambled. Embryos microinjected with the scrambled sequence or the scrambled U-containing sequence did not display any difference in survival from that of control (Fig. 6 ). Only microinjection of CRE site oligonucleotides containing the G/U mispair resulted in more developmental defects in 24 hpf embryos (Fig. 7) . These included curvature of anterior-posterior axis, decreased axis length, and FIGURE 3. CREB1 dimerization is heavily impacted by the presence of DNA repair glycosylases. As the concentration of glycosylase was increased, CREB1 dimerization decreased, except for when the G/U mispair-containing CRE site had prior exposure to CREB1. A-C, regardless of whether the substrate was exposed to OGG1 before or after CREB1, total CREB1 dimerization was reduced up to 69% Ϯ 2% (n ϭ 3) relative to control. A, OGG1 added before CREB1; B, CREB1 added before OGG1; C, OGG1 and UNG2 added together. CREB1 dimerization was significantly reduced when OGG1 and CREB1 had concurrent access to the substrate as compared with when OGG1 had prior access to the substrate (p ϭ 0.012, 3). CREB1 dimer in the control experiments was 0.02 nM Ϯ 0.003 nM (n ϭ 9). D-F, dimerization of CREB1 on a G/U mispair-containing CRE site. D, UNG2 added before CREB1; E, CREB1 added before UNG2; F, UNG2 and CREB1 added together. Measured CREB1 dimer in control experiments was 0.14 Ϯ 0.01 nM (n ϭ 9).
Transcription Factors and DNA Repair Enzymes Compete

FIGURE 4. Inhibition of CREB1 binding by UNG2 depends upon UNG2 enzymatic activity.
Catalytically inactive UNG2 (His-UNG2-D154N) had no effect on total CREB1 binding or dimerization on a CRE site substrate containing a G/U mispair. Wild type or mutant UNG2 was incubated with the substrate prior to the addition of CREB1. Ⅺ, total bound CREB1 as compared with control; f, total CREB1 as a dimer as compared with control. i ϭ inactive mutant UNG2, a ϭ active UNG2; numbers in parentheses represent UNG2 concentration. Error bars represent Ϯ S.E., ***, p Յ 0.001 relative to control.
FIGURE 5. CREB1 interferes with UNG2 enzymatic activity when the CRE site contains a G/U mispair in the CpG islet.
In the presence of 85 nM UNG2, 61% Ϯ 5% (n ϭ 3) of U residues within the CRE site were cleaved. However, the presence of 8.5 nM CREB1 together with UNG2 reduced cleavage by 50% Ϯ 3% (n ϭ 3). Error bars represent Ϯ S.E., ***, p Յ 0.001; **, p Յ 0.005. abnormal yolk extension formation (Fig. 8 ). When G/C in the scrambled site was replaced with a G/U mispair, there was no increase in developmental failure or defects in comparison with scrambled CRE. These data rule out the possibility that UNG2 was stably recruited to a random G/U mispair. In other words, CREB1 had a higher affinity for CRE containing a G/U mispair not only in the test tube but also in the developing embryo. This demonstrated that CRE containing a G/U mispair is capable of soaking up more endogenous CREB1 than the undamaged CRE so that proper development failed in a significant percentage of embryos.
Discussion
Here we demonstrate that a TF can alter access to repair of its consensus sequence containing damaged DNA; conversely, the presence of repair enzymes can block access to the TF. That is, the TF CREB1 competed with DNA repair glycosylases for its cognate CRE site when that sequence contained a DNA lesion in the CpG islet and vice versa. However, the type of repair glycosylase, in addition to the lesion, affected the binding ability of CREB1. When CREB1 was in competition with the repair glycosylase UNG2 for a CRE site that included a G/U mispair in the CpG islet, CREB1 entirely prevented UNG2 recognition and removal of the U lesion, whereas UNG2 removal of a U residue prevented CREB1 binding. In contrast, the repair glycosylase OGG1 competed with CREB1 for an o G-containing CRE site so that CREB1 binding and dimerization were reduced.
As UNG2 was largely incapable of displacing CREB1 after the TF had bound to a G/U mispair, these data are consistent with our previous results demonstrating that CREB1 binding and dimerization are enhanced when CRE contains a G/U mispair (3) . However, when the G/U-containing CRE site was exposed to enzymatically active (but not inactive) UNG2 before exposure to CREB1, binding and dimerization were reduced in a concentration-dependent manner. This is unsurprising considering that UNG2 is extremely efficient in processing U lesions when they are mispaired with G, leading to a rapid and robust conversion of U to an apurinic/apyrimidinic site product to which CREB1 binds poorly (3, 27) . Therefore, the TF interfered with entry into the repair pathway, and entry into the repair 
Modifications made to CRE site used in this study
The Modification column shows the actual residue modification made to the CRE site. The residues and positions modified within the CRE site are denoted in the Location column. Modifications were made to, or opposite, the G2 residue within the CpG islet. The Strand column indicates the modified strand. T ϭ top strand; B ϭ bottom strand. The Sequence column shows the complete CRE site sequence including the modified residue(s). The full-length unmodified 39-mer CRE oligonucleotide is shown with the CRE site in bold in the bottom row. Numerals 1 and 2 indicate the guanine residues within the top strand of the CRE site. All modifications in this study were located at the G2 position or its complement. NA, not applicable.
Modification
Location pathway was diminished by the binding and activation of the TF.
In contrast to results with UNG2, CREB1 binding and particularly dimerization were reduced as OGG1 concentration increased, regardless of the order in which CREB1 and OGG1 were added to the o G lesion-containing CRE site substrate. Moreover, OGG1 was capable of displacing CREB1 from CRE containing an o G lesion, despite the fact that o G within the CpG islet of the CRE site by itself did not affect total CREB1 binding or dimerization (3). Thus, OGG1 but not UNG2 was apparently capable of displacing CREB1 that had already bound to a CRE site. These results are consistent with the fact that OGG1 has a very low turnover number (28 -30) . This result suggests that OGG1-mediated reduction in CREB1 binding and dimerization was due to the physical presence of OGG1 blocking access to the CRE site itself rather than the existence of any apurinic/ apyrimidinic site product that might have formed.
As noted above, CREB1 is a pleiotropic effector responsible for controlling ϳ25% of the eukaryotic genome. During embryonic development, CREB1 regulates many genes and is essential for gastrulation (31) . Decoy CRE site oligonucleotides are known to compete for CREB1 protein in vivo (32) (33) (34) . Therefore, we microinjected CRE site oligonucleotides with or without a BER-repairable DNA lesion into zebrafish embryos to examine the in vivo effect of the lesion on CREB1 binding. Although all CRE-containing oligonucleotides acted as a sink and resulted in 30 -40% failure to develop, only microinjection of those containing a G/U mispair resulted in developmental defects. These results are consistent with the critical role that CREB1 plays in early embryonic development and the ability of lesions repaired by BER to act in an epigenetic fashion. Therefore, the presence of a G/U mispair not only results in CREB1 binding its consensus sequence more tightly in vivo, but also, once bound, blocks access to the repair pathway, resulting in deleterious physiological consequences.
Most research conducted on the effects of DNA lesions, particularly oxidative damage or the presence of uracil, has focused on mutation within transcribed genomic regions (14, 35) . However, several recent studies suggest that DNA lesions within the cognate sequences of activator protein 1 (AP-1), specificity protein 1 (Sp1), and the nuclear factor light chain enhancer of activated B cells (NF-B) complex can also alter TF binding (36 -38) , indicating that DNA damage within promoter regions may have serious repercussions for cellular physiology. In addition, binding of the p50 subunit to the NF-B sequence has been shown to shield o G lesions from recognition and repair by OGG1 and Fapy glycosylase (Fpg), suggesting that oxidative DNA damage may be able to persist long enough to affect gene expression (39) . Furthermore, oxidative DNA damage to genomic promoter sites may be a common occurrence. For example, lysine-specific demethylase 1 (LSD1) generates hydrogen peroxide primarily at promoters as a byproduct of demethylation of histone H3 during the initiation of active transcription (2, 40) . Peroxide in such close proximity to DNA is likely to result in oxidation.
The promoters for CREB1 itself and its modulating proteins including CREB-binding protein (CBP), cAMP-response element modulator (CREM), transducer of regulated CREB-binding proteins 1 and 3 (TORC1 and TORC3), and activating transcription factor (ATF) all contain CRE sites that could be subject to oxidative damage. AP-1 is a homodimer or heterodimer of FOS and JUN, both of which contain multiple CRE sites, as does specificity protein-1 (Sp-1). In addition, c-MYC, an important TF involved with metastasis and tumorigenesis, also contains a CRE site in its promoter, so that oxidation could alter MYC-dependent transcription and prevent DNA repair. Although NF-B itself does not contain a CRE site, its promoter contains four FOS sites and one JUN site, which render it sensitive to BER-repaired damage. Thus, DNA damage to promoters, particularly CRE sites, can have profound, far-reaching consequences.
Our studies not only delineate alterations in both binding and displacement of CREB1 but also demonstrate the physiological relevance of unrepaired lesions normally repaired by BER. Small changes to gene expression of a major regulator like CREB1 can have major physiological ramifications. Gene expression is normally tightly regulated, but perturbations in expression are amplified either positively or negatively with profound consequences for cellular development and physiology. These results indicate that DNA repair enzymes can compete effectively with TFs and vice versa, further complicating the cellular response to damage repaired through BER.
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